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RESEARCH MEMORANDUM

EXPERTMENTAYL INVESTIGATION OF A TRANSONIC COMPRESSOR ROTOR WITH A
1.5-INCH CHORD LENGTH AND AN ASPECT RATTO OF 3.0
I - DESIGN, OVER-ALL PERFCRMANCE, AND ROTATING-STALI, CHARACTERISTICS

By Edward R. Tysl, Francis C. Schwenk, and Thomas B. Watkins

SUMMARY

A transonic compressor rotor with double-circuler-src blade sections
was designed and tested to investigate the aerodynamic effects of using
a short blade chord and = high aspect ratio and to obtain more blade-
element data. The design total-pressure ratio of this rotor was 1.35 at
a corrected specific welight flow of 31.3 pounds per second per square
Toot frontal area with the rotor operating at a corrected tip speed of
1000 feet per second. The hub-tip radius ratio at the rotor inlet was
0.5. This report presents the rotor design, the over-zll performance
based on mass-~gveraged survey dats behind the rotor, and the stall
characteristics.

At design speed, a pesk rotor efficiency of 0.91 was obtalned at a
corrected speclific welght flow of 30 pounds per second per squere foot
frontal area with a mass-averaged total-pressure ratio of 1.32. At speeds
lower than design, the pesk efficiency was about 0.85. It wes observed
that the blade elements near the rotor tip had the greatest effect on the
varigtions of mass-averaged efficiency with speed and weight flow.

Rotating stalls were observed at 50, 60, and 80 percent deslgn speed
in addition to a surge characteristic at 80 percent design speed. For
this compressor rotor, one or two full-span rotating-stall zones were
noted. Blade vibrations appeared to be greaster for operation with two
stall zones.

INTRODUCTION
One phase of the research on axial-~flow compressors for alrcraft tur-
bomachinery hes heen directed toward reducing the slze and weight of the

compressors without compromisling the efficiency level. For a gliven appli-
cation, the size and weight of the compressor can be reduced by increesing
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the flow capacity per unit of frontal area and by increasing the total-
pressure ratio per unlit of compressor length. Consequently, 1t was of
primery importance to study stages of large flow capaclity capable of
producing high pressure ratios.

The results of testing transonic axlal-flow compressors (refs. 1 to
3) have shown that it 1s possible in one stage to produce high total-
pressure ratlios at high mass flows with no decrease in efficlency over
conventional subsonic stages. References 4 and S5 have demonstrated the
feaslibllity of using high-pressure-ratlo transonic stages in multlistage
compressors in which the number of stages required to produce a glven
over-all compressor pressure ratlio has been reduced in comparison with
the number of stages used in subsonic compressors. Slnce most of the
research transonic compressors tested have been constructed with long-
chord low-aspect-ratlio blading, transonic compressors with high pressure
ratios and high flow capacities will be more useful If their chord lengths
can be reduced without affecting the efficiency levels.

A reduction of the chord length of & transonic compressor rotor be-
low the values for which there 1s some experlence involves both structur-
al and serodynamlc considerations. 1In this report, the serodynamic ef-
fects of the use of a short chord length in a transonlc compressor rotor
are consldered. Chord length wilill influence to some extent the losses
{efficiency), the spplicability of a simplified-radial-equilibrium equa-
tion to design and analysis, and the control of the blade shape in fabri-
cation. A change in chord length will affect the losses through a change
in the blade-chord Reynolds number, the velocity gradients on the surfaces
of the blade elements, and the three-dimensional effects {secondary flows
and blade-end effectss. The streamline curvature should increase with a
reduction in chord length (increased aspect ratioc) and thereby may become
an important factor in the radial-equilibrium equation. Fabrication
control of blade angles and thickness, which 1s more difficult with small
chord lengths, may be lmportant with respect to the performance of high
Mach number, high-pressure-ratlo compressor rotors.

Although all these aerodynamic effects may exist, it is not known
whether they are important. Therefore, an exploratory investigation of
& 1.5-inch-chord transonic rotor was Iinitlated at the NACA Iewis labora-
tory to study the aerodynemic effects of a reduction in chord length
below current values.

The 1l.5-inch-chord transonlc axisl-flow compressor rotor was desligned
for aspplication in the inlet stage of wultlistage compressors of current
interest. The rotor-inlet relative Mach number at the tip and the rotor-
tip diffusion factor were set at values that have previously been em-
ployed; a deslgn corrected tip speed of 1000 feet per second was selected.
For these specifications and for a rotor-inlet hub-tip radius ratic of
0.5, the design corrected specific welght flow is 31.3 pounds per second
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per square foot of frontel area, and the design rotor total-pressure ratio
is approximaetely 1.35. The aspect ratio of the rotor blade (based on the
inlet blade height) is 3.0 for an 18-inch rotor-tip dismeter. Double-
circular-arc airfoils were chosen for the blade sections.

This report presents the rotor design procedure, which includes an
estimation of the radial varliation of blade-element losses. Preliminary
information regerding the aerodynamic characterlistics of the 1l.5-inch-
chord transonic compressor rotor is presented as the mass-averaged over-
all performence and radial varliations of rotor-inlet and -outlet flow
conditions. Since rotating stalls can cause blade-vibration problems,
these characteristics were investigated wlth hot-wire snemometers and
are presented herein. Blade vibrations were qualitatively observed with
the aid of a magnetic vibration pickup.

COMPRESSOR DESIGN
General Consliderations

A transonic compressor rotor of short chord length and high aspect
ratio was designed for application in an inlet stage of current multi-
stage, axisl-flow compressors. The baslc design assumption mede was that
the design procedure derived from paet experience with long-chord tran-
sonic compressor rotors would be applicable to the design of a transonic
compressor rotor of short chord length. Specifically, it was assumed that
the simplified-radial-equilibrium concept would adequately predict the
radial distribution of the rotor-outlet flow conditions, that the blade-
element approach to blade selection would be correct, and that the
diffusion-factor anelysis of reference 6 would apply to the estimation
of the blade-element losses.

The design characteristice (or velocity diagrams) were selected to
be in the range of conditions for which high-efficiency operation hed
been experienced in the past. The deslign calculations considered a radial
variation in the relative total-pressure-loss coefficient o and the
serodynamic characteristics of an axiel-discharge stator row. The rotor
was deslgned for a radially constant total-pressure ratio.

The design velocity dlagrams were computed along stresm surfaces
generated by rotating assumed streamlines in the rz-plane sbout the rotor
exis, For simpliecity, the streamlines that lie in the rz-plane were
assumed to be straight lines which divide the annulus height into equal-
percentage radial Iincrements at the inlet and outlet of the blade row.
Seven streamlines were used to describe the design flow conditions.

On the basls of past experience with transonic compressor rotors,

the rotor tip solidity (chord spacing ratio) waes set approximately equal
to 1.0 (final rotor-tip solidity equeled 0.95).
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Design Rotor-Inlet Conditions and Welght Flow

A moderate corrected tip speed of 1000 feet per second was selected,
becguse 1t was then poseible to obtain a relatively high total-pressure
ratioc and high specific weight flow for relative inlet Mach numbers in
the range of values which have been used previocusly. For the purposes of
this Investigation, the design value of rotor-inlet relative Mach number
was set at 1.15 at the tip. (This value should not be construed as a
1imiting Mach number.) It was decided that no guide vanes should be used
(axial inlet velocity), and the inlet hub-tip radius ratio was taken as

0.5.

Results of a test program conducted in the same research facility as
was used for this Investigation revealed the presence of a radial varia-
tion of inlet absolute Mach mmmber for zero prewhlrl. This radial gradi-
ent, shown in reference 7, was utilized in specifying the design inlet
conditions for the 1.5-inch-chord transonic compressor rotor. The test
results reported in reference 7 also provide a value of 0.985 for the
wall-boundary-leyer blockage factor at the rotor inlet.

The preceding condltions fixed the design corrected specific weight
flow at 31.3 pounds per second per square foot of frontal area. The c¢cal-
culated absolute Inlet Mach number was 0.62 at the mean radius, which
corresponds to a velocity of 666.5 feet per second at NACA standard

conditions.

Annulus-Ares Varigtion and Preliminary Velocity-Diagrem Calculation

Before proceeding with the calculation of the design velocity dia-
grams, the annulus-area varlation or hub contour for a constant-tip-
diasmeter stage was established. By estimeting the stage (rotor plus sta-
tor) total-pressure ratio and efficiency, the stator-outlet hub radius
(5.19 in.) was calculated for an axial discharge velocity of 600 feet per
second. From an assumption of the axial depth of the stage, a curve was
falred between the existing inlet hub section and the stator-outlet sta-
tion. Downstream of the stators a constant hub radius was melntalned.
Since the falring process was somewhat arbltrary, the hub-contour curve
served only as a gulde in the selectlion of a rotor-outlet hub radius that
would provide desirable rotor and stator blade-element loadings (diffusion
factors). A preliminary calculstion of the design velocity dilagrems de-
termined the desirable vslue for the rotor-outlet hub radius and the ap-
proximate rotor total pressure for a tip diffusion factor of 0.4. An
assumptlion of rsdilally constant efficlency facilitated the calculstion.
(Ref. 2 gives an exsmple of this type of velocity-dlagram calculation.)
The efficiency was arbitrerily set at 0.96, a reasonable value for the

flow outside the wall-boundary-layer regions. As a result of the pre-
liminary design, the rotor-outlet hub radius was set at 5.00 inches at a

3528
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proposed measuring statlion sbout l/2—inch downstreamn of the rotor disk.
It was also indicated that a rotor total-pressure ratio of about 1.37
could be obtalned for & tip diffusion factor of 0.4.

Final Velocity-Dlagrem Calculations

The results of the preliminary calculation served as the starting
point for the more detailed design procedure, which includes the radial
varistions of the rotor losses. A constant rotor total-pressure ratio
was meintained. ) '

— (Pi)i - Pi
Blade-element losses = ——Tg;——qa—l for the hub, meen, and tip
- B3

sectlions of the rotor were selected from the data of reference 6 and were
based on values of diffusion factor computed in the constant-loss solu-
tion. By plotting these losses against radius (fig. 2), the blade-element
losses for other sections were determined.

" With the design values of blade-element losses given, the radial
varigtion of total-temperature rgtio can be computed by the following
equations, which are derived in reference 6. (All symbols are defined
in appendix A, and a typlcel velocity diagram is shown in fig. 1.) The
blade-element recovery factor R.F. can be written as

.
@ 1 Y-1| Pi [/BL
R.F. =1 - ozn— 1 - " =5t /(3
4 1 ¢+ L= M2 3 % /1
T 2 3
i

3

in which all quantities refer to & streamline or a blade element. The
jdeal relative total-pressure ratio (Pi/?é)i is created by the radius

change of the streamline and is

P! y2 'rzrrl
4 Yy -1 4 3
)\t ooz P\

0,3

Prom the definition of recovery factor,
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Thus, the total state for each radial position downstream of the rotor
can be determined.

The rotor-outlet tangential velocity is given by

2
6,4 ZnNr4(? - 1)

The static conditions (or velocities) must satisfy the prescribed

simplified-radial-equilibrium egquation <§£ = g-;g), which mainly predicts

a gradient, and the continuity eguation, which esteblishes the level of
the static conditions.

The followlng calculation procedure indicates one of perhaps many
methods available to determine the static state (or velocities). By in- o
tegrating the simplified-radial-equilibrium equation, the following v
equation results: . . . e

8 4
P4t'P4-j —’—‘3-1‘4 (1)

The values of static demsity p, and static pressure py &are both un-

known and are interdependent. Consequently, the solution of equation (1)
requires an iteration process. :

The calculation of the static pressures by equation (1) started with
the assumption of a static-pressure variatlon, based upon the results of
the preliminary constant-loss design study. Static densities p, WVere

were computed from

P4 <p4 /r
Po,4  \Fs ~
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By means of a step-by-step numerical integration of the right side
of equation (1), a new static-pressure variation was determined with the
general level of the results established by the value of the assumed
static pressure at the tip or outer wall Pé,t' The- computed static-

pressure veriation was then used as a second trial, and the process re-
peated. Fortunately, the solution of equation (1) converges very rapidly
to correct values of static pressure; therefore, generally, no more than
two iterations should be reguired to determine the simplified-radial-
equilibrium static-pressure distributlon accurately.

The level of the rotor-outlet static pressures p, must satisfy the
continuity concept

Tt,4
Wz = Wy = 2nKy PaVy 4Tadry
Th,4

where the boundary-layer blockage factor K4 (defined in ref. 5) was as-
sumed to be 0.96, a value tsken from transonic single-stage compressor
test results. The axial velocity V2,4 was defined as

Inherent in this definition for axial velocity is the assumption that the
radial component of the velocity 1s negligible. The outlet weight flow
was computed for the static pressures given by equation (l), and the level
of the rotor-outlet static pressures was adjusted untll the rotor-outlet
weight flow W, equaled the inlet weight flow Wz. In this process, the

variation of static pressure was maintsined parallel to the static-pressure
distribution given by equation (1). Finelly, the static-pressure varia-
tion that setisfied continulty wes checked ageinst simplified radial
equilibrium (eq. (1)), since the level of static pressure will affect the
gradient to some extent. The resulting static pressures, which satisfied
both equilibrium and continuilty, permitted the calculation of the rotor-
outlet vector-diagram components.

The variable-loss design calculations gave a variation of rotor-
outlet axial velocity with radius; the axial velocity at the tip was
lower than that at the hub. As a consequence, the resulting rotor-tip
diffusion factor D was about 0.42 for a total-pressure ratio of 1.37,
compared with the diffusion factor of 0.40 for the constant-efficiency
design at the same total-pressure-ratio level. In order to reduce the
rotor-tip diffusion factor to a value of 0.40, the design total-pressure
ratio was set at 1.35 (radially constant), and the velocity diagrams were
recomputed according to the preceding method. The design data for a
total-pressure ratio of 1.35 are given in table I.
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The design tolal-pressure ratio of 1.35 represents a free-stream
value and 1s somewhat higher than the expected average total pressure,
which would include the deficiency of total pressure in the wall boundary
layers. A free-sireem mass-averaged efficiency was computed to be 0.93;
again, an aversge rotor efficiency that includes wall-boundary-layer ef-
fects should be several polnts lower than thls wvalue.

Blade Selection

A compressor blade is designed by radially stacking blade elements
or sectlions which are selected to produce the desired aerodynamic per-
formance. Double-circular-arc dirfoils were chosen as the blade sections.
The complete specification of the blade sections required assumptions of
incidence and deviation angles and. blade thickness, which depend, in part,
on the solldity of the blade row. Therefore, determination of the chord
length, tip dlameter, and the number of blades was established as the
first step in the blade selection.

Blade solidity. - A chord length of 1.5 inches, constant over the
blade span, was chosen - a value representative of chord lengths utilized
in subsonic, multistage, axial-flow compressors. High-aspect-ratico blades
(long span and short chord) were also desired, but the span of the blades
was limited by the glir-flow capacity of the test facility. For an inlet
hub-tip radius ratio of 0.5, the air-flow capacity fixed the tip diameter
at 18 inches. The number of blades was set at 35 to provide a solidity
of about 1.0 at the rotor tip. The aspect ratio for this configuration
1s 3.0 based on the blade span at the Inlet of the rotor.

Design incidence and deviation angles. - Design incidence angles
(essumed to be the minimum-loss incldence angle) were estimated with the
aid of available rofor-blade-element data. The design incidence angle
was set at 3° at the tip and 6° at the hub and varled linearly over the

blade span.

Incompressible, potential-flow theory requires negative design inci-
dence angles for cascades having the high camber of a rotor hub sectlon;
however, rotor test date show that minimum-loss operation occurs at posl-
tive incidence sngles. Analysis of the charnnel area varistion (along the
flow path) for blade sectilons near the.hub of rotors reveals that the

incidence angle must be positive in order to avoid choking with operation

at high subsonic .values of inlet relative Mach number. On this basis,
the high hub-sectlion design incidence angles are reasonable.

Deviation angles were computed from Carter's rule (ref. 8). Examina-
tion of availsble blade-element date For double-circular-arc airfoils in
annular cascades (rotors and stators) (e.g., refs. 7 and 9) indicated
that Carter's rule was a reassonsble design approach for rotor blade

o
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sections between the tip and mean regions. For the sections near the hub,
the design values of deviation angle were srbitrarily increased about 1°
to 20 over the values computed from Carter's rule. The design values of
incidence and deviation angles are given in table I.

Blade thickness. - At the tip of the rotor, the maximm blade thick-
ness was set at 6 percent of the chord length as a result of previous
experience with transonic compressor rotors. The maximum thickness for
the blade element along the hub stream surface (blade root) was set at
sbout 10 percent of the chord length. The choice of hub-section thickness
was based on structural considerations and calculations of the chasnnel
areas between two adjacent blade elements. The maximum thickness was
varied bhyperbolically along the blade span because of stress requlrements.

For each blade element, the leading-edge radius equaled the trailing-
edge radius. The radii at the tip sectlon were set at 0.010 inch, which
should allow good performance at high Mach numbers and cause no fabrica-
tion difficulties. To ease blede-root stresses, large leading- and
trailing-edge radii for the hub section are required; however, a limit is
reached when channel areas and choking are considered. As a consequence,
the radili for the hub section were set at 0.020 inch. Ileading- and
trailing-edge radii were varied linearly over. the blade spean.

Specificetion of blade sections for fabricatlon purposes. - Since
the design performance was computed for flow slong conical stream sur-
faces, the blade sections were considered to lie on the stream surfaces.
For fabrication of the rotor blades, it was necessary to provide section
coordinates for constant-radius cross sections of the blade (sections
that 1ie on a cylindrical surface). One procedure for providing such
blade coordinates entails a graphical interpclation of the blade-section
coordinates that lie on the conical stream surfaces.

In the case of this design a somewhat simpler method was used to
specify the blade for fabrication. The desired inlet and outlet mean-
camber-line angles of the blade sections on conical surfaces (as deter-
mined from the design relative air directions and incidence and deviation
angles) were converted to mean-camber-line angles of blade sections on
cylindrical surfaces according to equation (B6) (appendix B). Double-
circular-garc airfoil coordinstes were then calculated for the blade-inlet
and -outlet mean-camber-line angles on the cylindrical surfaces, and the
rotor blade was fabricated from these blade sectiomns.

With this procedire blades can be produced that have the deslred
blades angles for sections on the assumed stream surfaces; however, the
blaede elements will not generally be the desired shape (double-circular-
arc airfoils in this case). In most cases, the differences between the
actual blade shape and the desired blade shape (as regards the camber-
line shape and thickness distribution) will be small.
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The blade mean-camber-line sngles were measured from a completed
blade for cross sections approximating the sectioms of the blade that lie
on stream surfaces of revolution. The results of this measurement as well
as the design blaede angles are shown Iln figure 3. Analysis of the blade-
row performence is based on the measured blade angles.

APPARATUS AND PROCEDURE
Compressor Instzllstion

The short-chord transonic compressor rotor was installed in a
varigble-component test rig. Flgure 4 shows a sketch of thls installa-
tion, and filgure 5 1s a photograph of the compressor rotor. A 3000-
horsepower varlable-frequency motor in conjunction with a speed-increasing
gearbox supplied power to thls compreesor rotor. Tests conducted on
the rotor used atmospheric alr drawn through s thin-plate sharp-edged
orifice Into a depression tank. The alr entered the test compressor from
the depression tank through a bellmouth. The compressor discharged the
air into an annular passage, which connected to a radial diffuser that
led to the laboratory exheust system.

Instrumentation

A thin-plate sharp-edged orifice wes used to measure the air flow
through the compressor. Pressure drop across the orifice was 1ndicated
on a micromsnometer. Orifice temperature was measured by two lron-
constantan thermocouples.

The location of the instrumentatlon in the test rig is shown in
figure 4. BStation 1 1s located in the depression tank (4 ft in diem.
and approximately 6 ft long) shead of the test section and is not shown
in figure 4. Btations 2 and 3 are 1.52 and 0.33 lnches upstream cof the
rotor disk, respectively. Stetlon 4 is located 0.51 inch downstream of
the rotor.

Inlet stegnation conditions were determined from six total-pressure
probes and six total-tempersture probes located at centers of equal annu-
lar areas Iin the depression tank. At station 2, a five-tube radial L
static-pressure probe (fig. 6(&)) measured. the static-pressure variation
acrogs the annulus in conjunction with four outer-wall and four inner-wall
static-pressure taps spaced approximately equslly around the circumference.
The instrumentation at station 3 consisted of four outer-wall and four
inner-wall static-pressure taps equally spaced around the clrcumference.

Rotor-outlet conditions were obtained by radisl surveys of static
and total pressure, total temperature, and flow angle at station 4. These

3528
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surveys were made by the two types of instruments shown in figure 6(b)
and (c). Three combination probes were spaced circumferentially and were
used to measure flow angle, total pressure, and total temperature. Each
probe obtained dats at 11 radisl positions across the 4-inch pasgage.
Static pressuresg were obtained by two circumferentlally spaced wedge
static probes. Each wedge static probe measured static pressures at only
six of the 11 radial positions mentioned previously. The distance from
either wall to the first static-pressure survey station was equal to 16
percent of the passsge height. Data from survey probes were averaged at
each radisl posltion, and then the static pressures and total temperatures
were corrected for local Mach number effects.

The flow fluctustions of rotating stall were detected with constant-
tempersture hot-wire anemometers. The anemometer probes were made with
0.0002-inch-dismeter tungsten wire with an effective length of 0.08 inch.
Observations were made with g dual-beam oscilloscope. The auxiliary
equipment used is that discussed in reference 10. Two hot-wire-anemometer
probes were installed in radially traversing mechanisms about 1[2 inch
downstream of the rotor (station 4). Three survey locations on the cir-
cumference were used to vary the angle between the two probes to permit
the determination of the number of stall zones (ref. 11).

Over-All Performance Tests

The rotor was operated over a range of welght flow at corrected tip
speeds of 600, 700, 800, 900, and 1000 feet per second. Maximum welght
flow was limited by pressure ratio at the lower speeds and rotor or system
choking at the higher speeds. Minimm weight flow investigated at all
speeds was limited by blade vibrations. The vibrations were detected on
an oscilloscope which was connected to a magnetic-type vibration pickup
mounted on the casing a small distance upstream of the leading edge of
the compressor.

The depression-tank pressure was maintained constant at 20 inches of
mercury absolute. Depression-tank temperatures varied from 65° to 85° F,
depending on the ambient temperature of the test cell. The blade-chord
Reynolds number at design speed and at the tip of the rotor was approxi-
mately 500,000,

Over-all rotor performance was obtained by mass aversging the blade-
element performance at station 4 as outlined in reference 7.
Rotatling-Stall Charscteristics
After rotor performance data had been obtained, hot-wire anemometers
were used to investigate the stall patterns behind the rotor for 50, 60,

and 80 percent of design speed. The number of rotating-stall regions was
determined by the methods described in reference 1l.
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RESULTS AND DISCUSSION

Over-All Performance
The over-all performance of the 1.5-inch-chord transonic compressor
rotor 1s shown in figure 7. Masgs-averaged total-pressure ratio and mass-
averaged adiabatic temperature-rise efficiency are plotted against equiva-

lent weight flow per unit frontal area W«/_/SAf for corrected tlp speeds

of 100, 90, 80, 70,7and 60 percent of design.

Weight flow. - At design speed, the rotor choked at design welght
flow as indicated by the vertical performance line (fig. 7). The rotor
might have been maede to operate in an unchoked condition at design welght
flow by selecting higher design incidence sngles for the blade sections,
thus increasing the blade passage area.

The weight-flow range Investlgated decredsed as the Mach number .
(rotor speed) increased. For example, at a tip speed of 600 feet per.
second, the weight-flow range was approximately 11.3 pounds per second
per squere foot; while at design speed, the range had decreased to about
3.5 pounds per second per square footb (fig 7). Further comparison of
welght-flow range can be made from figure 8, where the mass-averaged work
coefficient and a mags-averaged temperaturé-rise efficlency are plotted
against a mean-radius flow coefficient ¢ = (Vz,S/US)m' Figure 8 indicates

that weight-flow range 1s restrlcted at both high and low values of flow
coefficient ¢ as speed is increased. Figure 8 also indicates that the

mass-averaged work coefficlent Aﬂjﬁ% is not comstant with changes in

epeed. This compressibility effect, which is associated with high total-
pressure ratlios, has been observed w1th other high-pressure-ratioc tran-
sonic compressor rotors (e g., ref. 7).

Pressure ratio and efficiency. - The peak measured adlabatic effi-
ciency at design speed was 0.91 with a corrected weight flow of 30 pounds
per second per square foot and a total-pressure ratio of 1.32. The 4if-
ference between the experimental values of mass-averaged efficiency and
total-pressure ratlo and the design values may be due in part to the
losses encountered in the blade end regions. The design velueg, 0.93
for efficiency and 1.35 for total-pressure ratio, were calculated on the
beagis of blade eleménts without considering boundery-leyer or wall effects.

The peak effic1ency at speeds lower than de51gn speed wasg approxi-_
mately 0.95. o

Rotor-Inlet Conditions

The computations of inlet conditions were made with the absolute
Inlet veloclty considered axlal in direction (no inlet gulde vanes). The
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static-pressure variation along the radius at the rotor inlet (station 3)
was faired between the outer- and inner-wall static tap readings with a
trend similer to that recorded from the inlet static-pressure rake (sta-
tion 2). The procedure was considered Justifiable, because there was only
a small difference between the wall static pressures at stations 2 and 3.

To represent rotor-inlet (and rotor-outlet) conditions at 60, 80,
and 100 percent design speed, three test points were selected at each
speed. These test points represent high weight flow, maxlimum pressure
ratio, and maximum-efficliency operstion of the rotor.

Figure 9(a) shows the variation with radius of the ratio of inlet
ebsolute Mach number to inlet absolute Mach number at mean radius
(MS/MS,m)' The design variation of inlet sbsolute Mach number was deter-

mined from previous tests using sbout the same inlet configuration. Com-
parison between measured and design values of inlet absolute Mach number
was very good except at the low flow occurring at 60 percent design
speed. This is probebly an effect of radial redistribution of flow
through the rotor due to stelling and poor flow conditioms at the rotor
tip.

Comparlison of measured and design relative inlet Mach numbers can
be made from figure 9(b). The radisl slopes of the curves measured for
values of relative inlet Mach number MJ compare very well at design

speed, especially at maximm welght flow, although the vealues are 4if-
ferent. The difference In level between design and measured values of
relatlive inlet Mach number for peak-effilciency operation is reflected in
the lower than design weight flow. As the speed is lowered, the inlet
relstive Mach number gradient is reduced.

Figure 9(c) shows the variation of rotor-inlet relative air angle
B%x with radius. The design-alr-angle variation and measured blade-inliet

angle rg (repeated from f£lg. 3) are also shown. At design speed, the

veriation of the rotor-inlet relstive air angle that most nearly matches
the design value is obtained at the.choked-flow point - & further indi-

cation that the design values of incidence angles were too low to allow

the passage of the deslgn welght flow.

Rotor-Outlet Condlitilons

Figure 10 presents the rotor-outlet conditions as computed from the
survey instrument measurements st station 4. The datas shown are the ra-
dial varistions of blade-element total-pressure ratio and temperature-
rise efficiency, rotor-outlet Mach number, and rotor-outlet sbsolute flow
direction for the same test points discussed In the section Rotor-Inlet
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Conditlons. The predicted design radlal variations of rotor-outlet con-
ditions are also given in figure 10(a) along with the experimental varia-
tions for operation of the rotor at design speed.

Efficiency. - The radiael variations of efficlency show that the blade
elements pear the tip have the greatest effect on the variations of the
mass-averaged efficiency with speed and weight flow. Thaet is, considera-
tion of the mass-averaged peask-efficiency operation polnt for each speed
shown in filgure 10 indicates that the blade-element efficiency near the
hub and at the mean radius does not vary much with speed. On the other
hand, the blade-element efficiency near the tip does vary with speed, as
shown by comparison of the blade-element efficlencies for 80 and 100 per-

cent of design speed. " Al a giVen speéd, efficiency variations with weight

flow are most apparent for the blade elements near the tip.

Over & large portion of the passage, the predicted design redial
variation of blade-element efficiency agrees with messured variation for
mess-averaged peak-efficiency operation at design speed. _ . _

Pressure ratio. - Figure 10 shows that the lgrgest variation of
total-pressure ratio with weight flow (at constant speed) occurs near the
tip of the rotor. This characteristic has been observed previocusly
(ref. 7) and can be explained on the basis of the velocity diagrams, as
is done 1n reference 7.

At design speed, the measured total-pressure ratic is spproximately
constant over the major portion of the passage height. for operation at
the mass-averaged pesk-efficlency point. The fgll-off in total-pressure
ratio near the inner and outer walle is probably caused by wall boundary
layers and other end effects. The measured total-presgure-ratio level
(at design speed and peak efficiency) is slightly lower than the design
value of 1.35.

Rotor-outlet sbsolute flow angles and Mach numbers. - Compared with
the varlation of the design rotor-outlet flow angle, the measured results
(fig. 10(a)) indicate a smaller radlal varilation in the central or free-
stream portion of the passage (for pegk-efficlency operation at design
speed). Near the outer wall the measured angles increase rapidly from
the free-stream values; this is an indication of wall-boundary-layer ef-
fects. At the lower speeds, there 1ls & larger radial variation in rotor-
outlet flow angle than at design speed. '

The measured absolute Mach mumber variation (at design speed and
peak efficlency, fig. 10(a)) agrees closely with the design variation,
although the measured level is lower than the design level.

- 3528
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The design of a set of stators for this rotor would not be too dif-
ficult. If the stators were designed to match the flow at peak efficiency
and design speed of the rotor, the inlet-stator Mach number would not ex-
ceed 0.7 and the inlet angle would be approximately 30°.

Rotating-Stall Characteristics and Blade Vibrations

Observations of rotating-stall characteristics were made with hot-
wire anemometers at seversal corrected tip speeds. Figure 11, a portion
of the mass-averaged over-all performance map (fig. 7), indicates the
operating ranges over which the various unsteady flow phenomena were ob-
served at 60 and 80 percent of design speed. The letters on figure 11
denote the beginning of a particular type of unsteady flow phenomenon for
decreasing weight flow.

Blade vibrations sensed by a magnetic vibration pickup were also
observed on an oscilloscope. The vibration information is only gualita-
tive, however, because an accurate calibration of the vibration pickup
was not possible.

At high weight flows at 60 and 80 percent of design speed, blade
wakes could be observed over the entire span except in small regions near
the inner and outer walls. Near the walls, air-flow fluctuations of a
random nature were detected. As peak-pressure-ratioc operation was ap-~
proached by decreasing the weight flow, the region of unsteady flow near
the rotor tip increassed in extent untll about 10 percent of the pasesage
was affected at the peak-pressure-ratio point on each speed curve

(fig. 11).

A Turther decrease in weight flow at 60 percent of design speed led
to a rotating-stall condition at point A (fig. 11). Two stall zones were
observed rotating in the direction of rotor rotation at an absolute speed
of 79 rps. The stall zones covered the entire blade span. The amplitudes
of the traces on the oscilloscope were constant for all radisl positions
of the hot wires (except close to the walls). Blade vibrations were also
present, as indicabted by the magnetic vibration pickup.

At point B (60 percent of design speed) a single, full-span rotating-
stall zone was observed. The absolute stall speed was 75 rps in the di-
rection of rotor rotation. The blades vibrated at this condition, but
the vibretions were not so great as those noted at point A.

For weight flows lower than that at point B at 60 percent of design
speed, the single stall zone was stable; that is, the type of stall, num-
ber of stall zones, and stall-zone speed did not alter. However, the
circumferential extent of the stall zone increased with decreasing weight
flow.
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At point C (fig. 11, 80 percent of design speed), a flow fluctuatlon
caused the two hot-wire anemometers to produce oscilloscope traces which
were glways 1n phase regardless of the circumferential spacing between the
two probes. This phenomenon was en axisl pulsation, or surge, and not a
periodic rotating-stall condition. The frequency of the pulsation was 36
cps. The surge pulsatlons were greatest near the tip and had an amplitude
of nearly zero at the mean and lower radil.

The characterlstics of the surge phenomenon (frequency and operating
condition at which 1t appears) depend on the volumes and resistances of
the parts of the air-flow system. Therefore, 1f this rotor had been
tested 1n g different resesrch facllity, the surge characteristics de-
scribed probably woiild not have been duplicated. Furthermore, the surge
characteristice of a complete turbojet engine (of which thig compressor
rotor may be a part) probably would not be the same as those reported.

At point D, a single, full-span rotating-stall zone was sgain ob-
served. The absolute stall-zone speed was 96 rps in the direction of
rotor rotation. Blade vibrations were present but not serious.

Roteting stalis were also investigaeted at 50 percent of deslgn speed
for decreasing weight flows. As at 60 percent of design speed, two full-
span rotating-stall zones were first observed, and then a single stall-
zone condition was noted. The rotational speeds of the stall zones were
65 and 60 rps, respectively, for the two conditioms. The disturbances
caused by the two rotating-stell zones produced greater blade vibrations
than were observed during operation with the single gtall =zone.

Table II summerizes the rotating-stall characteristice. The values
of h'/N (ratio of relative stall speed to rotor speed) are approximately
constant for each stall condition {one or two stall zones). Ancther
transonic rotor (ref. 2) exhibited operation with two full-span rotating-
stall zones. As reported in reference 2, the value of h‘/N was 0.37 at
this condition, which agrees closely with the values given in table II
for operation with two stall zones. - Co :

Since the blades vibrated more with two stall zones than with one
stall zone, the frequency of the disturbances caused by the rotating-stall
zones was compared with the natural freguency of the blades to determine
whether & correlation can be made. The disturbance frequency is the
product Ah' of the relative rotational speed of the stall zones and the
number of stall zones. Blade natural frequencies f were determined
from a measurement of the natural frequency while the rotor was station-
ary from equations (188) and (189) of reference 12.

The disturbance frequencies and the blade natural frequencies are
compared in taeble II by means of the ratio kh'/f. It can be seen that

3528
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the disturbence fregquencies associated with two-stall operations at 60
and 50 percent of design speed are close to the second and third harmon-
ics, respectively, of the blade natural frequency; at these two condi-
tions, the largest blade vibratlons were observed. For operstion with
one stall zone, the ratios of disturbance frequency to blade naturel
frequency are lower than with two stall zones; and the resulting blade
vibretions were considerably smaller.

SUMMARY OF RESULTS

The following preliminary results were obtained from an experimental
investigation of a short-chord transonic axiel-flow compressor rotor with
double-circular-arc airfoil blade sections. This rotor was designed and
tested to investigate the aerodynamic effects of using short chords and
high aspect ratios and to obtaln more blede-element data. The rotor was
designed for a radielly constant total-pressure ratio of 1.35, with a
design rotor-inlet relative Mach number at the tip of 1.15 at a corrected
tip speed of 1000 feet per second and an iniet hub-tip ratioc of 0.5.

1. The peak efficiency at design speed, as determined from mass-
averaged survey data, was 0.91 at a corrected specific weight flow of
30 pounds per second per square foot frontal area and a mass-averaged
total-pressure ratio of 1.32. At the lower speeds, the peak efficiency
was approximately 0.95.

2, The date show that the blade elements near the rotor tip have the
greatest effect on the varlations of the mass-averaged efficiency with
speed and welght flow.

3. For this rotor, full-span rotating stells in either one or two
stall zones were cbserved; surge at 80 percent of design speed was pro-
duced as the weight flow was decreased.

4. Blade vibrations were greater for operation with two stall zones
than with one stgall zone.

Lewis Flight Propulsion laboratory
National Advisory Committee for Aeronautics
Cleveland, Chio, December 28, 1954
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APPENDIX A
SYMBOLS
The following symbols are used in thils report: A dlagram illus-
trating the air and blade angles and the velocitles is presented in fig-
ure 1 to more completely define some of the symbols used.

Ap compressor frontal area based on rotor-tlp diameter, 1.767 sq ft

8, veloclty of sound, ft/éec

cp specific heat of air at constant pressure, Btu/(1b)(°R)
c specific heat of air at constant volume, Btu/(1b)(°R)

accelergtion due to grevity, 32.17 ft/sec2

H  total enthalpy, c,gdT, sq £t/sec?

i incidence angle, angle between inlet-relative-alr-veloclty vector
and tangent to blade mean camber line at leading edge, deg

Joule's constant, 778.26 ft-1b/Btu
Mach number

rotor rotgstional speed, rps

H =5 =B g

total pressure, lb/éq £t

static pressure, lb/éq £t

d

H

radius measured from axils of rotation, in.
total temperature, °R
blade speed, ft/sec

alr velocity, ft/bec

®H <« o 9

weight flow of air, 1b/sec
2 axisl direction

B alr-flow angle measured from axis of rotation, deg

3528
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Y ratio of specific heats for air, CP/CV’ 1.40

° blade angle, direction of tangent to blade mean cember line at
leading or trgiling edge, deg '

B ratio of inlet totel pressure to NACA standard total pressure,
Py /2117

8° deviation angle, angle between outlet-relstive-air-velocity vector
and tangent to blade mean-camber-line angle at tralling edge, deg

1 temperature-rise efficilency

e ratio of compressor-intet total temperature to NACA standard tem-
perature, Ty/518.6

p  static denseity of air, 1b/cu ft

(0] rotor-inlet flow coefficient at mean radius, (?%g%)m

) relative total-pressure-loss coefficient (ref. 7)

Subscripts:

h hub

i ideal

m mean radius

t tip of rotor

b4 axial direction

a tangential direction

C total or stegnation conditions

1 depression tank

2 upstream of rotor, location of inlet static-pressure rake

3 rotor inlet

4 rotor-outlet sérvey station
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Superscript: - e

)

denotes conditions relative to blade row

NACA RM ES4L31
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APPENDIX B

CONVERSION OF BLADE-JINLET AND -OUTLET MEAW-CAMBER-LINE ANGLES
FROM A STREAM SURFACE TO A CYLINDRICAL SURFACE

For compressor designs in which the air flow is assumed to occur
along stream surfaces of revolution and the blade sections are assumed
to 1ie on the stream surfaces, some procedure for specifying constant-
radius blade sections is required in order to facilitate fabrication of
the blades. The method described herein provides a means for converting
blade mean-camber-line angles at the inlet and outlet of a blade from a
stream surface to a cylindricael surface.

Figure 12 shows the mean surface of a compressor blade - a surface
described by the mean camber lines of the blade sections. Line OA
(fig. 12) represents the intersection of the blade mean surface with s
stream surface of revolution and is a mean camber line of & section that
lies on the stream surface. Line OB represents the intersection of the
blade mean surface and a cylindrical surface.

Figure 12 also shows an enlargement of that portion of the blade on
the leading edge in the vicinity of the point 0. This region 1s consid-
ered sufficiently small that all curved surfaces are assumed to be planes
and all lines are assumed to be straight lines. Then straight lines Oa
and Ob esre portions of lines OA and OB respectively. Furthermore, the
plane defined by points 0, a, and e is & part of the stream surface of
revolution, and the plane defined by points O, b, ¢, and 4 is & section
of the cylindrical surface. The blade mean surface 1s also assumed to
be a plane in the enlargement in figure 12. The preceding assumptions,
which are intended to clarify the explanation, do not impair the rigor
of the method, because the resulting equation could be obtained by con-
sidering tangent planes and tangent l1ines at point O.

The angle v° (fig. 12) is the blade mean-camber-line direction at
the inlet of the blade as determined from the design relative air direc-
tion and the design value of incidence angle. This angle is measured on
the stream surface. It is necessary to solve for the angle T*, which
is the direction of the blade mean cember line on & cylindrical surface.
The solution is derived from figure 12 as follows:

bc + cd

od

tan T
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tan y© =28 _cd
Oe Oe -
tan 19 — ror
(X 1) 2 (B1)
tan r cd od
cos & =% (B2)
Oe

3528

where €& 1s the angle between the compressor exis and a streamline in
the r#-plane (fig. 13(b)). (Rotation of this streamline about the com-
pressor axls generates the stream surface of revolution.) From figure
12, it can be seen that

bc _ ed tan ¥ tan ¥
— = = gin ¢ ———— B3
cd Oe tan y° tan v° (33)

Then, substituting equations (B2) and {B3) into (Bl) gives

tan rg = tan € tan ¥ + %%2—%2 (Be)

The problem then is the evalustion of the angle V¥, which is related to
the sweep of the leadlng edge as follows:

tanq;:?-:s__a_;JE

tan ¥ = ten L tan vQ + tan M (B5)

Substitution of equation (BS) into (B4) yields the followlng:

o
tan € tan M +-EEE—I—

o _ COB &
tan T = 1 - tan L tan ¢ (B8)

The same equatlon can be derived for a polnt on the trailing edge.

Figure 13 further defines the leading-edge (and trailing-edge) sweep
angles and indicates the sign convention to be used in equation (BS) for
both the leading and trailing edges of a blade. Angle M 1is positive
when megsured in the direction of rotor rotation from a radial line.
Angle L 1is positive when measured in the direction of the air flow -
from a radial line. Angle & 1is posiltlive when the radius of the stream-
line increases in the direction of air flow.
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The angle € 1s determined from the assumed streamlines, and the

englee L and M can be measured with sufficient accuracy from approxi-
mations of the rf- and rz-projections of the blade.
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TABIE I. - DESIGN DATA
[Totel-pressure ratio Py/Pz = 1.35, constant over blade spen.]
Stream- Iniet Inlet Inlet Qutlet Outlet ([Outlet |Outlet Total- |Rlede- |Inci- |Devi-
surface absolute |relative [relative |[relative |relative|absolute|absolute {tempera-|element|dence [ation
redius, Mach Mach alr air Mach Mach air ture effi- |angle, angle,
in. number, |mmber, |direction,|direction, |number, |number, |direction,|ratio, |ciency,| 1, [ 89,
1 3 1 L]
Inlet, |outlet,| '3 ¥ B3 By M M, By T,/T5 ’1 deg | deg
1'3 I“.
.00 | 9.00 0,870 1.150 54.40 48,40 0.798 0.602 28.53 1.1046 | 0.856 3.0 { 1.51
8.25 | 8.33 .855 1.078 52.568 44,34 +752 .614 28.75 1.0890 + 8504 3.5 | 2.12
7.50 | 7.67 .638 1.006 50.60 39.44 708 . 627 29.54 1.0851 941 4.0 [ 2,82
8.75 | 7.00 .620 .933 48.37 35,22 .857 643 31.27 1.0935 .958 4.5 | 3,67
6.00 | 6.33 .600 .852 45.86 25.30 .610 .663 35.717 1.0832 .961 5.0 | 4.59
5.25 | 5.67 .578 .789 43.1% 15.38 578 . 691 36,67 1.0830 | .88L 5.5 .2'6.67
4.50 | 5.00 546 +T15 40.18 3.20 . 557 . 728 40.14 1.0930 .961 6.0 | B.67
810 greater than Carter's rule deviation angle.
bgo grester then Carter's rule deviation angle.
TABIE XI. - ROTATING-STALL CEARACTERISTICH
Rotor |[Test Mumber of |Rotational [Abaolute Relative Ratic of Natural [Ratio of
gpeed, [point rotating- |speed of |rotational |rotational |[relative stall|frequency |dlsturbance
percent [(£1g. 11) |etall rotor, speed of speed of speed to aof rotor [frequency to
of Zones, K, atall zomes,|stall zopee,|rotor speed, |blades, [natural frequency
dealgn N rps h, ht, h'fﬁ f, of rotor blades,
pe rp8 cpe AhT /f
60 A 2 130 18 51 0.3% 344 0.296
60 B 1 129 5 54 42 342 .158
80 D 1 172 g6 76 .44 390 195
50 - 2 107 65 42 .39 322 .261
80 - 1 107 80 47 44 3aa 146
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Blade meen-camber-line sngles at inlet and outlet of blade, v°, deg
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Figure 5. -~ l.5~-Inch-chord transonic compressor rotor.
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(e) Static-pressure reke.

Figure 6. ~ Instrumentation used in tests of 1.5-inch-chord transonic

compressor rotor.
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(c) Wedge static probe.

==

(b) Combination probe.

Instrumentation used in tests of 1.5-inch-chord transonic cowmpressor rotor.

Figure 6. - Concluded.
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Figure 15. - Projections of compressor blade on ré-plens (front view) apd

rz-plane (pide view).
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